The main aim of the paper is to find a control method for a multilevel matrix converter (MMC) that enables the elimination of common mode voltage (CMV). The method discussed in the paper is based on a selection of converter configurations and the instantaneous output voltages of MMC represented by rotating space vectors. The choice of appropriate configurations is realized by the use of space vector modulation (SVM), with the application of Venturini modulation functions. A multilevel matrix converter, which utilizes a multilevel structure in a traditional matrix converter (MC), can achieve an improved output voltage waveform quality, compared with the output voltage of MC. The carrier-based implementation of SVM is presented in this paper. The carrier-based implementation of SVM avoids any trigonometric and division operations, which could be required in a general space vector approach to the SVM method. With use of the proposed control method, a part of the high-frequency output voltage distortion components is eliminated. The application of the presented modulation method eliminates the CMV in MMC what is presented in the paper. Additionally, the possibility to control the phase shift between the appropriate input and output phase voltages is obtained by the presented control strategy. The results of the simulation and experiment confirm the utility of the proposed modulation method.
Introduction
A multilevel matrix converter (MMC) is a frequency converter, whose topology [1] [2] [3] [4] [5] [6] [7] [8] was proposed by analogy to multilevel inverters and its aim is the reduction of the voltage rating of the switches with respect to the supply voltages and the further improvement of the synthesized current and voltage waveforms. Two scientific centres paid attention to the analysis of MMC operations and two different control methods were developed there. The authors of papers [5] [6] [7] [8] concentrate on the use of the space vector modulation (SVM) method, whereas in papers [2] [3] [4] , the implementation of the Venturini control method is presented. The main goal in using either of the modulation methods in controlling MMC is the synthesis of the referenced sinusoidal output voltage and sinusoidal input current by controlling the input displacement angle. The application of these methods is involved with appearing CMV on the output terminals. The problem with appearing CMV is concerned with all the converters being controlled by the use of the pulse width modulation (PWM) method, both indirect frequency converters with a DC link, as well as a direct matrix converter (MC) and MMC. Because the topology of MMC is the modification of conventional MC, the analysis of the cancelation methods of CMV used in MC would be valuable in finding the control method to eliminate the CMV in MMC.
In the MMC controlled by the implementation of the proposed method, the output voltage containing the fundamental component and high-frequency distortion components, with considerably less amplitudes, compared with the distortion component in the output voltage of MC, is synthesized. The next advantage of the method is that it obtains, in simulation tests, the entire cancelation of CMV and the reduction of the peak value of CMV to 12% of the peak value of the output voltage. This paper also presents the possibility to control the phase shift between the output voltage and appropriate input voltage. Controlling the phase shift between the output and input voltage may be important when working with the same output and input frequency of MMC and it could be applied as a converter in a Flexible AC Transmission System (FACTS) [23] to control the power flow or compensate the voltage dips.
The paper is organized in a total of five sections. The second section describes the topology of MMC, the admissible configuration of the analysed converter and the output voltage space vectors. The proposed modulation method is described in the third section. The fourth section contains the simulation and experimental results to validate the proposed method and the last section has the discussion.
Multilevel Matrix Converter

Topology of MMC
A multilevel matrix converter (MMC) (Figure 1 ) consists of 18 bidirectional switches, SAa1 -SCc2 and nine clamp capacitors, C1 -C9. The bidirectional switches constitute two integral semiconductor modules. The manufacturers, Yaskawa, ABB, Alstom, Siemens and so forth, have shown their interest in the production of these semiconductor power modules, consisting of bidirectional switches. In fact, Yaskawa has introduced many standard units of matrix converters of medium voltages and several megawatts. The clamp capacitors in MMC are connected by two switch matrixes and play a role analogous to flying capacitors in multicell converters, principally providing an additional intermediate voltage level in the process of synthesizing the output voltage. The capacitance of clamp capacitors depends on the value of the load current, switching the frequency and assumed value of the voltage ripple on the clamp capacitors [1] [2] [3] . Based on studies [1] and [24] [25] [26] , concerned with the multicell converter, a capacitance value (1) of the capacitor should be determined using the admissible value of the voltage ripple on that capacitor ΔUC, number p of multilevel converter cells, load current Io and switching frequency fs of the converter switches.
To eliminate improper clamp capacitor voltages, shaping additional balancing circuits are used in MMC. The balancing circuit, providing an automatic maintenance of the clamp capacitor voltages, consists of Rb resistance, Lb inductance and Cb capacitance, connected in a series. The parameters of the balancing circuits are selected so that the resonance frequency fo of those circuits is equal to the switching frequency fs of the switches (2).
The resonance frequency is the most important parameter of the balancing circuit but the effectiveness of the balancing process, with a passive RLC circuit, depends also on the balancing circuit characteristic impedance, the converter parameters and the converter operating conditions [26, 27] .
Admissible Switch Configurations of MMC
Taking into account the voltage characteristics of the MMC supplying source, the switch configurations that do not make short circuit of the input phases and simultaneously assure the current path in the resistive-inductive load, are admissible. Therefore, each of the three output phases could be connected into one of the input phases directly through two series-connected bidirectional switches or through two switches and a clamp capacitor. Clamp capacitors C1 -C9 perform additional intermediate voltage levels in waveforms of the output voltage. In the ideal conditions of charging, voltages on the clamp capacitors should be equal to half of the appropriate line-line voltages (3).
As a result of the use of clamp capacitors, there exist additional current flow paths between the input and output phases. Taking into account only the admissible states of the bidirectional switches of MMC, each of the output phases may be connected with the three supply phases in nine different ways, corresponding to the converter configurations. These configurations arise from the 'on' or 'off' states of the bidirectional switches, which, for the output phase A, are shown in Table 1 . 
In the case of the first three configurations (1, 2, 3), shown in Table 1 , every output phase is directly connected with one of the input phases, which is characteristic of a conventional MC. This means that the phase output voltage is equal the appropriate phase input voltage. The next six configurations (4, 5, 6, 7, 8, 9) implement the connections across clamp capacitors. For instance, while the switches SAa1 and SAb2 (configuration 4) or switches SAb1 and SAa2 (configuration 5) are 'on,' the current of the output phase A is running across the capacitor C1 and connected in parallel capacitors C2 and C3. The instantaneous voltage of the output phase A is the same in both cases and equals uC1=(ua+ub)/2, because of the voltage of the capacitor C1 and because it is connected in parallel capacitors C2 and C3, equalling (ua-ub)/2. The choice between configurations 4 and 5 is the choice between different capacitor current directions, allowing for the possibility to control the capacitor voltage. The same regularity is fulfilled in the next two couples of configurations, that is, configurations 6 and 7 or 8 and 9. Recapitulating, we can conclude that each output phase can be connected to ua, ub, uc, as the voltage supply (henceforth termed "full-amplitude voltage supply") or to (ua + ub)/2, (ub + uc)/2, (ua + uc)/2 (henceforth, "half-amplitude voltage supply").
Considering a three-phase to three-phase MMC, one has to take into account 9 3 = 729 possible switch configurations, which can be used practically in the process of the synthesis of output voltages and the synthesis of the voltages of clamp capacitors, determining the intermediate levels of the supply voltages.
Output Voltage Space Vectors in MMC
The output voltages in three-input to three-output circuit of MMC could be presented using space vectors, as defined by (4) . Instantaneous output voltages uA, uB and uC in the relation (4) are appropriately equal to one of values defined in the output phase A in Table. 1. The label xxx in the name ⃗ of the space vector means the type of configuration appropriately chosen in the output phase A, B and C.
Analysis of the output voltages, corresponding to 729 switch configurations, allows for it to be noticed that the instantaneous output voltage space vectors could be split into the following groups:
 27 zero space vectors, where the output voltages in each phase are the same;  360 active space vectors, where two of the output voltages have the same values; and  342 rotating space vectors.
The active voltage space vectors correspond to the connection of two output phases to the same voltage supply. The zero vectors arise when the output phases are connected with the same "fullamplitude voltage supply" or the same "half-amplitude voltage supply."
Output Voltage Space Vectors Reducing CMV in MMC
Among 342 configurations of MMC, with instantaneous output voltages represented by rotating space vectors, only 54 could be considered to reduce CMV. This conclusion is drawn from the analysis of rotating space vectors, determined with the assumption that the MMC is supplied by a balanced input voltage (5).
All 342 rotating voltage space vectors representing instantaneous output voltages could be split into the following five groups:
 Rotating voltage space vectors, with a constant module equal to the amplitude of the input voltage Uim. These vectors correspond to switch configurations, where three output voltages are synthesized by the use of three full-amplitude supplying voltages. Six vectors belonging to this group create two sets, consisting of three rotating space vectors shifted by 120º. One set rotates in a positive direction (CCW vectors) along a complex plane and the next set rotates in a negative one (CW vectors). Two of these vectors are represented by equation (6) and (7), as well as the relation (6) -for CCW vectors and (7) -for CW vectors. The digits in the label of the voltage vector name should be interpreted as follows: the first digit defines the configuration of the switches in the output phase A, the second and third digits, the output phase B and C, appropriately. The application of the rotating space vectors belonging to this group in the modulation of switch duty cycles results in a zero value of CMV (8) .
where: (12) and CW vector, as equation (13) . The application in the modulation of switch duty cycles the rotating space vectors, belonging to the group being discussed, results in a value of CMV (14) that is not zero.
 Rotating voltage space vectors, with a changeable module, that correspond to 72 configurations, with a connection of two output phases to two different full-amplitude voltage supplies and a third output phase connected to a half-amplitude voltage supply. The equation (15) is an example of the vectors belonging to this group. The application of the rotating space vectors, belonging to this group, in the modulation of switch duty cycles, results in a value of CMV (16) that is not zero. (17) is an example of the vectors belonging to this group. The application of the rotating space vectors, belonging to this group, in the modulation of switch duty cycles, results in a value of CMV (18) that is not zero.
Finally, only 54 of the 729 switch configurations of MMC could be chosen, while the CMV elimination is required in the proposed control method. The lay-out of a complex plane of the rotating space vectors, belonging to the mentioned groups, is shown in Figure 2 . In Figure 2 , the initial position of the rotating space vectors is shown. The digits used in the label of vectors, instead of the full names of vectors, are shown in the figure. The performed analysis of all of the allowable configuration of MMC and the corresponding voltage space vectors allows the vectors synthesizing the sinusoidal output voltage, sinusoidal input current and elimination of CMV to be chosen. As a result, the proposed modulation method is based on the application solely of the switch configurations that correspond to the rotating space vectors, with a constant module. The rotating space vectors are not usually used in modulation strategies, because they lay in different positions, so it is difficult to create a repetitive pattern. However, in Reference [13] , one can find that the implementation of the Venturini modulation function in the determination of switch duty cycles in conventional MC could provide the control using only rotating space vectors, while simultaneously eliminating CMV. By analogy, the Venturini modulation functions are used in the proposed strategy for modulation duty cycles in MMC.
Proposed modulation method
Method of the output voltage synthesis
The synthesis of the output voltage by the use of rotating space vectors could be realized by applying a carrier-based implementation of SVM. The Venturini modulation functions are used in the proposed method to set out the switch duty cycles. The determination of the duty cycles for bidirectional switches of conventional MC and MMC by the use of Venturini modulation functions has been presented in References [13] and [2, 3] . Here, the Venturini modulation function, in consideration of angle , in the form of (19) or (20), is used. A value of angle  defines the phase shift between that defined by (5) input phase voltages and the appropriate output phase voltages. The application of the modulation function (19) results in CCW output voltage rotating space vectors and a lagging input displacement angle, whereas the modulation function (20) gives CW output voltage rotating space vectors and leading input displacement angle [2] . Both of them, that is, the modulation function (19) , depending on the difference − of the output and input frequency and modulation function (20) , depending on the sum + result in the output voltage amplitude, equal to half of the input voltage amplitude, at most. (Figure 3) . The digits in Figure 3 , placed below the duty cycles, mean the numbers of configurations defined in Table. 1. At the bottom in Figure 3 The application of modulation functions, with phase shift angle , provides the phase shift between the output and the appropriate input voltage. This feature is important when the MMC works with the same input and output frequency and it allows the MMC to be used as a converter in Flexible AC Transmission System (FACTS) devices.
Simulation and Experiment
Simulation
Simulation tests were realized in an EMTP-ATP program. The matrix of the bidirectional switches was modelled as a matrix of the ideal bidirectional switches, controlled using signals generated in TACS subroutine. The supply grid is represented by ideal sinusoidal voltage sources, with an RMS value of 220 V and a frequency of 50 Hz, while the load consists in star-connected resistance and inductance elements, with values of 2 Ω and 10 mH. The carrier frequency was fcarr = 5 kHz. The capacitance of the clamp capacitors is equal 10µF. The performances obtained for MMC, controlled by the use of the carrier-based implementation of SVM combined with the Venturini modulation functions, are presented in Figure 4  Figure 7 . The waveforms of the output voltage and CMV, as depicted in Figure 4 and in Figure 5 , illustrate the control, with a lagging input displacement angle (CCW rotating space vectors). Waveforms in Figure 6 and Figure 7 correspond to the leading input displacement angle, when the CW rotating space vectors are used. One can see that in both cases, the CMV is equal to zero. All these waveforms illustrate the control, with a value of the shift angle of  = 0. The Fourier analysis was performed, with an accuracy of 10 Hz. It could be observed that, besides fundamental harmonics, the output voltage consists of high frequency components, concentrated as sidebands around each multiple of the carrier frequency. However, it is also seen that, in comparison with conventional MC (Figure 8 (b) ), the amplitudes of the first group of these harmonics are significantly decreased. The comparison of the distortion components of the first groups in MC and MMC output voltages (Figure 8b and Figure 4b) , obtained with the same controlling parameters, indicates that the amplitude of these components decreased from 180.9 V in MC to 8.7 V in MMC. The waveforms chosen for presentation and FFT analysis prove that the applied modulation method results in a significant reduction of the distortion components of the MMC output voltage, compared with the MC output voltage, which is a basic demand of a proper controlling method used for MMC. The second important feature of the proposed modulation method is the entire cancelation of CMV.
(a) (b) The next analysis ( Figure 9 , Figure 10 ) deals with the control of the phase shift between the output and input phase voltages. MMC works with the output frequency the same as it does with an input one. In Figure 9 , the waveform of the output voltages, together with the appropriate input 
Experiment
To further verify the proposed control method, measurement tests were performed. The experimental parameters are shown in Table 2 . Presented in Figure 11 to Figure 13 , waveforms represent the chosen results of measurements. They were registered in MMC, controlled by the use of modulation function (19) and were therefore the CCW-type rotating voltage space vectors. In Figure 11 , the output voltage, together with the appropriate input voltage, is shown. The referenced angle shift is equal to 60°, −60° or 180° and the measurements confirm the accomplishment of these values. In Figure 12 , the synthesized output voltage and CMV are shown. The maximum instantaneous values of CMV appear when the angle shift  is equal to −60° (Figure 12b ). These maximum values of CMV do not exceed 40 V (Figure 13b 
Discussion
The proposed carrier-based SVM, using Venturini modulation functions, is valuable because it realizes control whilst improving the waveform of the MMC output voltage compared with the MC output voltage. In MMC, controlled using the proposed method, the amplitudes of the first group of output voltage distortion components, concentrated near the first multiple of the carrier frequency, are only near 5% of the appropriate amplitude of output voltage distortion components in MC.
An important achievement, obtained by implementing the proposed modulation method, is the entire elimination of CMV, which was confirmed by the results of simulation tests. In the experiment, the peak value of CMV is less than 12% of the amplitude of the supplying voltage and the peak value of the output voltage. The occurrence of the CMV, measured higher than zero, may be explained by the noise activated by the four-step commutation process of the bidirectional switches. During the short period of the commutation steps, the active space vectors can appear and cause a higher than zero CMV. To avoid the problem with commutation noise, the four-step commutation in the experimental model of MMC should be modified in future research.
An additional advantage of the presented modulation method, not presented until now in the papers concerned with analysis of MMC, is the possibility to control the phase shift between the output voltage and the appropriate input voltage.
The drawback of the proposed controlling method is the fact that, using only rotating space vectors, the elimination of CMV is possible; this is concerned with the application of modulation functions, which determine the constant input displacement angle between the input voltage and the phase current. On the other hand, this feature may be utilized in FACTS devices that realize series compensation when the input terminals of MMC are connected with the supply network in a shunt manner. MMC, controlled using CW rotating space vectors (modulation function (20) ) at the input terminals, draws the current which precedes the appropriate supplying voltage, so MMC works as a source of reactive power for the AC system and also realizes shunt compensation. 
